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7^ Abstract 

O 

^ To understand how systems of star clusters have reached their presently observed proper- 

^ ties constitutes a powerful probe into the physics of cluster formation, without needing to 

i_^ resort to high spatial resolution observations of individual cluster-forming regions (CFRg) 

in distant galaxies. In this contribution I focus on the mass-radius relation of CFRgs, 

how it can be uncovered by studying the gas expulsion phase of forming star clusters, and 

what the implications are. I demonstrate that, through the tidal field impact upon exposed 

ly-j star clusters, the CFRg mass-radius relation rules cluster infant weight-loss in dependence 

l/^ of cluster mass. The observational constraint of a time-invariant slope for the power-law 

C^ young cluster mass function is robustly satisfied by CFRgs with a constant mean volume 

[ — . density. In contrast, a constant mean surface density would be conducive to the preferential 

^D destruction of high-mass clusters. A purely dynamical line-of-reasoning leads therefore to a 

'"^ conclusion consistent with star formation a process driven by a volume density threshold. 

. . Developing this concept futher, properties of molecular clumps and CFRgs naturally get 

K*" dissociated. This allows to understand: (i) why the star cluster mass function is steeper 

than the molecular cloud/clump mass function; (ii) the presence of a massive star formation 

limit in the mass-size space of molecular structures. 



1 Introduction 

We are still a long way from observationally mapping active or future cluster-forming regions 
on a one- by-one basis in distant galaxies. Even at ALMA resolution (0.1 arcsec), to map 
clumps of cold dense molecular gas on a pc-scale is attainable only in galaxies less distant 
than ~ 2 Mpc. In contrast, properties of systems of star clusters, such as the distribution 
functions of cluster ages, masses and radii, are retrievable out to distances of at least 20 Mpc. 
These distribution functions are shaped by both the dynamical evolution and the formation 
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conditions of star clusters. Therefore, evolving model cluster systems for a wide range of 
initial conditions, and comparing their predicted distribution functions to their observed 
counterparts, constitutes a powerful tool to probe into the physics of cluster formation. That 
'macroscopic' approach has the tremendous advantage to alleviate the need for a spatial 
resolution which is yet to be achieved in galaxies more distant than a few Mpc ('inicroscopic' 
approach) . 

Systems of young clusters are ~ obviously - those best suited to uncover cluster- forming 
region properties. At ages less than 100 Myr, a key-driver of cluster evolution is violent 
relaxation - namely the dynainical response of embedded clusters to the expulsion of their 



residual star- forming gas due to massive star activity (e.g. Geyer &; Burkert 2001). During 



violent relaxation, clusters expand and lose stars (infant weight-loss) as a result of the binding 
gaseous mass loss. Initial conditions of this phase leave therefore signatures in the cluster 
age, mass and radius distribution functions (e.g. Parmentier et alT]|2008 Parmentier Sz Pritze 
2009 ). In this contribution, I highlight how the time-invariant shape of the young cluster mass 



function sheds light on the mass-radius relation of cluster- forming regions (hereafter CFRg) . 

1/3 

I show that this relation is one of constant mean volume density, that is, rcFRg oc rn^pj^ 
with rcFRg and mcpRg the CFRg radius and mass, respectively. Furthering this argument, 
I deixLonstrate: (i) why the young cluster mass function is steeper than the molecular cloud 
mass function, and (ii) why there is a massive star formation limit in the mass-size space of 
molecular structures. 



2 CFRg Mass-Radius Relation: a Dynamical Perspective 



2.1 Tidal field impact implies constant mean volume density for CFRgs 

The amplitude of the cluster mass function is observed to steadily decrease with time over 
the first 100 Myr of cluster evolution due to infant weight-loss. Yet, its shape is reported to 



remain remarkably unchanged (e.g. Chandar et al. 2010). That is, cluster infant weight-loss 
is mass- independent. When plotted as the number of clusters per linear inass interval, the 
cluster mass function is a featureless power-law of slope —2, dA*" oc m~'^dmi,, irrespective of 
the cluster age bin (say, 1-10 or 10-100 Myr). 

The mass fraction of stars remaining bound to a cluster by the end of its violent 
relaxation, Fhound, depends on the star formation efficiency of the parent CFRg, SFE, and 
on the gas expulsion time-scale, tgexp/tctoss-, expressed in units of the CFRg crossing-time: 
Fbound = Fbound{SFE,TGExp/Tcross)- That infant weight-los s, l-Fbound, is mass-independ ent 
straightforwardly implies mass-independent SFE (fig. 1 in Parmentier &; Gilmore 2007 see 
also Section 3.1), and mass-independent tgexp/tctoss (Parmentier et al. 2008), although the 
constraint on tgexp/tctoss is looser than for the SFE (see section 4.1 in Parmentier & Kroupa 



2011, for a discussion). 

A third, and so far overlooked, aspect is how the combination of an external tidal 
field with the mass-radius relation of CFRgs influences cluster infant weight-loss in depen- 
dence of cluster mass. Due to gas-expulsion-driven expansion, cluster stars - which, with 
no external tidal field, would remain bound - may be driven beyond the cluster tidal ra- 
dius and turned into field stars. Therefore, infant weight-loss is partly governed by how 
deeply an embedded cluster sits within its limiting tidal radius, an effect quantified by 
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the pre-expansion ratio of the cluster half-mass radius to tidal radius, Vh/rt- Accordingly, 
Fbound = FboundiSFE,TGExp/Tcross,rh/rt)- The embedded-cluster half-mass radius scales 
with the CFRg radius, i.e. r/i oc n.rcFRg, with the factor k depending on the assumed den- 
sity profile. The tidal radius, rj, depends on both the embedded-cluster mass, m-ecz, and the 



strength of the external tidal field. Equation 4 in Parmentier & Kroupa (2011 ) gives rt for a 



cluster at a galactocentric distance Dgai in an isothermal galactic halo of circular velocity V^: 



n 



2V? 
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•"T-ec/ 



Baumgardt & Kroupa (2007) build on the Vh/rt ratio to quantify how much an external 



tidal field enhances infant weight-loss compared to a tidal-field- free environment. I will refer 
rh/rt as the tidal field impact, to distinguish it from the tidal field strength. The tidal 
field strength depends solely on the external tidal field, say, Vc and Dgai- These parameters 
also define the galactic halo volume density at a galactocentric distance Dgau Pgai{Dgai) = 
V^ /{^t:GD'1^i), that is, in our example, the density of the CFRg environment. In contrast, 
the tidal field impact depends on both the tidal field [Vc, Dgai) o-^d the embedded-cluster 
properties {med, rh), where the stellar mass of the embedded cluster obeys rueci = SFE x 
mcFRg- In other words, the tidal field strength alone does not define the sensitivity of a 
cluster to the tidal field. This is the contrast between the volume densities of the CFRg 
and its environment which matters. For an isothermal galactic halo, using eqs. 4 and 7 in 



Parmentier Sz Kroupa (2011), one can show that: 



rh 

n 



ysFE 
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< Pgal{< Dgai) > 
PCFRg 
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where < Pgai{^ Dgai) > is the mean volume density of the galactic halo within Dgai- 

When r^/rt < 0.03, the embedded cluster sits deeply within its limiting tidal radius, 
thereby giving rise to an expanded cluster 'shielded' against the external tidal field. In 
other words, Fh^nd{SFE,TGExp/Tcross,rh/rt) ^ FhoundiSFE,TGExp/Tcross)- stars venturing 
beyond the tidal radius are lost because of velocities higher than the cluster escape velocity 
in the first place. In contrast, when rf^/rt > 0.20, clusters evade tidal disruption only if their 
spatial expansion is damped severely through either high SFE and/or long TcExp/Tcross- 

Figure 3 of Parmentier & Kroupa (2011) shows Fbound in dependence of mc'jT'/jjF] for 
different CFRg mass-radius relations. For the sake of simplicity, the assumed environment 
is an isothermal galactic halo. It should be noted, however, that CFRgs are embedded in 
molecular clumps, themselves embedded in Giant Molecular Clouds (CMC). The volume 
densities of these structures are higher than that of a galactic halo. For instance, the mean 
volume density of a ~ 10^ Mq CMC is ~ lM0.pc~^ (assuming spherical symmetry and 
'^GMC ~ 4OM0.pc~^, Heyer et al.|2009 ). This is about 2 orders of magnitude denser than the 
density of an isothermal halo at Dgai — 8kpc. Therefore, rh/rt and Fbound values estimated 



by Parmentier Sz Kroupa (2011) are lower and upper limits, respectively. 



1/2 

CFRgs of constant mean surface density {rcpRg of ^^CFRq) ^^'^ constant radius {rcFRg) 
are found to potentially lead to the preferential removal of high- and low- mass clusters. 



^Note that what we refer as 'cluster-forming region' is called 'cluster- forming core' in Parmentier & Kroupa 
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Figure 1: Mass-radius diagrams of cluster- forming regions (CFRg) as a tool to assess the tidal 
field impact rhjrt upon clusters expanding after residual star-forming gas expulsion. The par- 
allelism between \so-rh/rt lines (black lines with symbols; see legend) and lines of given mean 
number density nji^^cFRg (e.g. nH2,CFRg = 6x 10^ cm~^, blue dashed line) demonstrates that 

1/3 

fCFRg oc iTT-^pj^ is the most robust mass-radius relation to obtain mass-independent tidal 
field impact hence an invariant shape of the cluster mass function through violent relaxation. 
In contrast, constant mean surface density and constant radius (e.g. ^cFRg = 0.5 g.cm~^ 
and rcFRg = 0.3 pc, red lines) lead to increasing and decreasing, respectively, tidal field im- 
pact with increasing CFRg mass. When r^/rt < 0.03 (shaded area in right panel), cluster 
evolution is not or weakly only affected by the external tidal field. Note that the iso-Vh/rt 
lines' intercepts depend on the tidal field strength (here the galactocentric distance, Dgai). 
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respectively. In contrast, CFRgs of constant mean volume density {rcFRg ot ^^cFRq) satisfies 
the observational constraint of mass-independent cluster infant weight-loss. The physics 
driving these conclusions is best understood with a mass-radius diagram. Figure [l] shows 3 
CFRg mass-radius relations: one of constant radius rcFRg = 0.3 pc (red solid line), one of 
constant mean surface density T^cFRg = 0.5g.cm~^ (red dotted line), and one of constant 



mean number density nii^^cFRg = 6.10 



cm 



(blue dashed line). It also depicts 3 \so-riJrt 



lines in the {m^cFRg^fcFRg) space {rh/n = 0.03,0.10 and 0.20, black dash-dotted lines with 
symbols) . Both panels of Fig. [I] differ by the tidal field strength (here the galactocentric 
distance). As Eq. ^demonstrates, for a given environment, a given Vh/rt value e quates with 
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a line of constant mean volume density (i.e. rcFRg oc fn^pp^ , see also eq. 10 in 

fc Kroupa|2011 ). Note that iso-r/j/rj lines shift downwards when the tidal field gets stronger, 

that is, higher pcFRg are required to reproduce the same tidal field impact Vh/rf. 

For all CFRgs lying below the line r/j/rj = 0.03 (shaded area in the right panel), the 
tidal field impact is negligible. In fact, for given SFE and tgexp/tctoss-, Fhound is mass- 
independent in that region of the plot, regardless of the mass-radius relation. This is because 
'''h/ft = 0.01 or, say, Vh/rt = 0.001 affects Ff,ound in the same way. If CFRgs have masses 
and radii above the line rh/rt = 0.20, cluster survival requires stringent conditions (high 
SFE, long tgexp/tctoss)- In the intermediate region bound by Vh/vt = 0.03 and r/j/r^ = 0.20, 
infant weight-loss is higher than predicted for a tidal-field- free environment. Note that the 
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respective extents of these 3 regions depend on the tidal field strength (compare left and right 
panels). Cluster- forming region mass-radius diagrams therefore constitute an exquisite tool 
to assess, in a glimpse, whether an external tidal field affects star cluster early evolution. 

If the CFRg mass-radius relation were one of constant mean surface density, the tidal 
field impact would increase with the mass of CFRgs by virtue of their decreasing mean vol- 
ume density. In other words, high-mass CFRgs are more prone to tidal overflow than their 
low-mass counterparts and Fbound decreases with mcFRg , thereby distorting the shape of the 
cluster mass function during violent relaxation (see fig. 4 in Parmentier||2010 ) . The most ro- 
bust way of reproducing mass- independent tidal field impact rh/rt is through constant mean 
volume density CFRgs (or, at least, mass-independent pcFRg)- This is conducive to mass- 
independent infant weight- loss 1 — Fi^o^nd, and is in line with the observational constraint set 
by the invariant shape of the young cluster mass function. We therefore conclude that the 
mean volume density of cluster-forming regions is constant. 



It may be worth stressing that the concepts 'constant mean volume density' {rcFRg oc 

rriflp^) or 'constant mean surface density' {rcFBg oc iTT'CFRq)'> discussed in this contribution, 
are not to be misinterpreted as uniform (i.e. radially not varying) volume or surface density. 
On the contrary, structures in molecular clouds are nested (Kauffmann et al. 2010), and 



molecular clumps have density gradients. This property will be the starting point of the two 
topics discussed in Section [3| 



The above conclusion that the mass-radius relation of CFRgs must be one of constant 
mean volume density stems from a purely dynamical line-of-reasoning. This finding is inde- 
pendently confirmed by the tight linear correlation observed between the star formation rate 



and the dense molecular gas mass on galaxy scales (Gao &: Solomon 2004), molecular-cloud 
scales (Lada et al. 2010), and molecular-clump scales (Wu et al. 2005). Here, 'dense' means 
hydrogen molecule number densities nH2 — lO'*"^ 
ber density threshold for star formation, nHa.th ' 
number density of CFRgs is a few times nn^^th, 



cm~'^. This implies the existence of a num- 
ii 10^ cm~^. It also implies that the mean 
the exact factor depending on the clump 
density profile (see eq. 5 in Parmentier 2011). Therefore, the observational map ping of star 

1/3 ' 

formation in dense molecular gas also leads to rcFRg oc rn^jp^ (see section 2 in 
2011 , for a brief summary). 
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3 Molecular Clumps versus CFRgs: Beware! 



Observational mass-radius data sets of molecular clumps are to be handled with caution 
as they may be the imprint of the molecular tracer used to map them, rather than reflect 
cluster- formation conditions (see section 3 in Parmentier &: Kroupa|2011 , for a discussion and 
enlightening examples). For instance, figs. 9 and 21 in Wu et al. (2010) show the star- forming 
region W43S mapped in HCN 3—2 and CS 7—6 transitions, respectively. While the FWHM 
and its enclosed mass are lower in CS 7—6 than in HCN 3—2, the corresponding mean volume 
density is about 5 times higher. This is because CS 7—6 requires a higher volume density 
than HCN 3—2 to be excited. Since molecular clumps have density gradients (see below), the 
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CS 7—6 transition probes deeper inner regions of molecular clumps than HCN 3—2, hence 
the smaller mass and FWHM size inferred in CS 7—6 than in HCN 3—2. Besides, molecular 
line emissions extend smoothly beyond the FWHM size down to the noise level. In other 



words, molecular clump FWHM sizes do not represent sharp physical boundaries (see Wu et 
ar]|2010 and their fig. 25). This illustrates that radii and masses of molecular clumps should 
not be interpreted as those of CFRgs. This is the very reason for the specific and clear-cut 
terminology " cluster- forming region" used throughout this contribution. 



Molecular clumps have volume density profiles (e.g. Miiller et al. 2002): 



Pradial{s) OC S ^ , (3) 

where Pradiai{s) is the volume density at the distance s from the clump centre, and p is the 
density index. 

With star formation driven by a volume density threshold n^i^^th — 10^ cm"^, one can 
distinguish two zones in a molecular clump: a central CFRg, actively forming stars by virtue 
of a local number density higher than nH2,th, and an outer envelope inert in terms of star 
formation (see left panel of Fig. ^trl The mass of gas relevant to star formation is mcFRg: 
rather than the overall clump mass rriciump^ and the volume of star- forming gas does not 
coincide with the observed molecular clump. This concept constitutes the crux of the two 
topics developed below. 

3.1 Consequence 1 - Mass Functions: from Clumps to CFRgs 

It is puzzling that the young cluster mass function, dN oc m^ drrii,, is steeper than the 
molecular cloud and clump mass functions, dN oc rn^iump'^''^ clumps as their respective indices 
are /3^ ~ 2 and /3o — 1.7. Since infant weight-loss is mass-independent, the mass function 
of young star clusters is also the mass function of embedded clusters, dN oc m~^i drued 
with Peel = /?*• /3o — 1-7 and /3ec/ — 2 suggest that star formation is less efficient in high- 
mass clumps than in low-mass ones since the SFE averaged over a clump, SFEgiobai, obeys: 
SFEgiobai = rneci/mciump oc m'l^jlp. The slope -0.3 derives from (/3o - (3ed) / {f^ed - !)• 
Accordingly, SFEgiobai varies by an order of magnitude over 3 decades in clump mass, a 
lower limit to the cluster mass range in star cluster systems. With the bound fraction Fbound 



a very sensitive function of the SFE (Baumgardt & Kroupa 2007, their fig. 1), a mass 



varying SFE does not seem a viable solution. Assuming instantaneous gas expulsion and 
weak tidal field impact, Fbound can vary virtually from to almost unity when the SFE varies 



by an order of magnitude (fig. 1 in Parmentier & Gilmore 2007). Such 0-to-l variations in 



the bound fraction of stars at the end of cluster violent relaxation are necessarily conducive 
to a severe reshaping of the cluster mass function through the first 100 Myr of dynamical 



evolution (see fig. 2 in Parmentier et al. 2008). This is in stark disagreement with observed 



young cluster mass functions. It would therefore be highly misleading to assume that the 
difference in slope between the mass functions of molecular clumps (or clouds) and young 
clusters is small enough (/3j, — /3o ^ 0.3) to lead to almost mass-independent SFE and infant 
weight-loss. 



^Another possible situation is that molecular clumps represent only a fraction of a CFRg because of a very 
high density molecular tracer 
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Figure 2: Explaining why the mass functions (MF, left panel) and radius distributions (RD, 
right panel) of star clusters are steeper than those of molecular clumps and clouds. In the 
model of relevance here, cluster-forming regions (CFRg) occupy a limited volume only of 
their host molecular clumps and are defined based on a number density threshold for star 
formation, nH2,th (see Fig. ^ left panel). The mean volume density of CFRgs is therefore 
constant. If, in contrast, the clump mean surface density is constant, the difference in the 
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mass-radius relations of clumps {r^ump oc "i^^'J ) and CFRgs (rcFRg oc m^pj^ ) steepens 
the MF and RD of CFRgs compared to those of their host-clumps. The degree of steepening 
depends on the clump density index p. Note that T,ciump is the clump mean surface density. 



The issue we have to fix now is: how to reconcile mass-independent infant weight- 
loss with the difference in slope between the molecular clump and young star cluster mass 
functions. The line of reasoning detailed above hinges on the identification of molecular 
clumps as CFRgs - namely CFRg boundaries are those of molecular clumps. In contrast, 
if CFRgs constitute a fraction only of the volume of their host molecular clump (left panel 
of Fig. pi), star formation can be quantified by two distinct efficiencies of different physical 
significances. The global SFE, defined on a clump-scale, is relevant to understand the dif- 
ference between the cloud (clump) and young cluster mass functions. We can also define an 
SFE on the CFRg-scale. This local SFE quantifies the ratio between the embedded-cluster 
stellar mass and the initial gas mass of the CFRg, med/mcFRg- This is the local SFE - 
not the global one - which drives cluster violent relaxation. The early dynamical evolution 
of star clusters and the mass function slope difference /3^ — j3q are now dissociated issues. 
Mass-independent infant weight-loss demonstrates that the local SFE at the onset of gas 
expulsion is CFRg- mass- independent. Consequently, the power-law mass functions of young 
star clusters, embedded-clusters and CFRgs all have the same slopes (i.e. /3^ = /3ed = I^CFRg)-, 
by virtue of mass-independent infant weight-loss and mass-independent local SFE, respec- 
tively. The mass function slope difference /3j, — Pq tells us that the mass fraction of dense 
star-forming gas in molecular clumps, mcFRg/fndump, decreases with clump mass (see fig. 1 
in 



Parmentier 2011, for a summary-plot). What can be the reason for such a behaviour? 



The mean surface density of GMCs (the precursors of massive star clusters forming 
profusely in galaxy mergers) is observed to be about constant, in our Galaxy and in the 
Magellanic Clouds (see fig. 8 in [Blitz et al.|[2006). This property may also characterize star- 
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forming molecular clumps (see fig. 10 in Parmentier 2011), where Galactic disc star clusters 



form. It therefore appears that the mass-radius relation of CFRgs on the one hand, and 
the mass-radius relations of molecular clumps and GMCs on the other, have different slopes 
with: rcFRg ot ''^cFRq^ while rdump ot ''^dump- This immediately implies a mass-dependent 
effect upon the ratio rncFRg/rndump- As we already saw from Fig.fTl a constant mean surface 
density is conducive to a mean volume density decreasing towards higher masses. As a 
result, the clump mass fraction of gas denser than a given number density threshold is also 
a decreasing function of the clump mass. Considering the number density threshold for star 
formation, nii2,th, the desired trend follows logically: mcFRg/fndump decreases with rudump, 
which steepens the CFRg mass function compared to the clump mass function. 

The degree of steepening depends on the clump density index p: the shallower the 
clump density profile, the greater the difference in slope PcFRg — /3o- The left panel of Fig. [2] 
illustrates this effect for p = 2 (isothermal sphere) and p = 1.5. The (black) dashed line 
with asterisks depicts the clump mass function, the (red) solid lines the resulting CFRg mass 
functions (full and open symbols: p = 2.0 and p = 1.5). The mean volume density of CFRgs 
is pcFRg = [3/(3— p)] X pth, where pth is the volume density threshold for star formation (eq. 5 
Parmentier||201 1 ) . The mean surface density of their host molecular clumps is assumed to 



m 



be constant T,dump = 0.04g.cm . Figure 6 in Parmentier (2011) shows that to steepen the 



clump mass function (5q ~ 1.7 into that of CFRgs (hence of embedded clusters), (5cFRg — 2, 
a density index p ~ 1.9 is required. This is in excellent agreement with the mean density 



index inferred via dust-continuum mapping of star- forming regions by Miiller et al. (2002). 
Therefore, the model does a great job at explaining the observed slope difference /?* — /?o. We 
conclude that the difference in slope between the molecular clump and young star cluster mass 
functions can arise from different mass-radius relations for CFRgs and their host molecular 
clumps. 

Not only does this effect steepens the mass function, it also steepens the radius dis- 
tribution, as illustrated in the right panel of Fig. ^ (same model parameters and same 
colour/symbol-codings as in left panel) . xq and x are the spectral indices of the radius dis- 
tributions of clumps and CFRgs, respectively: dN ex T'dump'^'^ clump and dN oc r^pj^ drcFRg- 
This model has therefore the potential to explain why the observed CMC mass function and 
radius distribution are shallower than their young star cluster counterparts (see section 5 in 



Parmentier 2011, for a full discussion of the radius distribution aspect). 



3.2 Consequence 2 - The Massive Star Formation limit 



Kauffmann Sz Pillai (2010, top and middle panels of their fig. 2) recently highlighted the 
presence of a limit for massive star formation (MSF) in the mass-size space of molecular 
structures. This MSF limit obeys: 

m{r) = 870MQ{r/pc)^-^ , (4) 

where m{r) is the gas mass enclosed within the effective radius, r. It is shown in the right 
panel of Fig. Is] as the (black) solid line with asterisks. Molecular structures lying below the 
MSF limit are void of massive stars, while those more massive than the MSF limit show 
HII regions and, therefore, contain stars more massive than 8-10 M©. In other words, MSF 
demands a mass of molecular gas enclosed within any given projected radius higher than 
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Figure 3: Left panel: Defining a cluster-forming region (CFRg) nested within a molecular 
clump. By virtue of the clump density gradient, the CFRg outer bound is defined by a volume 
(or number) density threshold for star formation, pth (or nH2,th)- Right panel: The observed 
massive star formation (MSF) limit (black solid line with asterisks). It equates with the 
mass-radius relation of molecular clumps containing the mass of star-forming gas (i.e. nj^j ^ 
nH2,th) needed to form a lOMQ-star, either on the small spatial scale {rdump < 0.2 pc) of an 
individual pre-stellar core (red dash-dotted line and lower-right data set), or on the larger 
scale {r clump ^ 0.2 pc) of a CFRg (blue dashed line and upper-left data set). 



what Eq. [4] predicts. 



Armed with the model presented in Section 3.1, Parmentier et al. (2011) present an 



original solution for the origin of the MSF limit. The key-idea is to successively relate: 

(1) the mass of a molecular clump, mdump, to the mass of the CFRg, mcFRgi it contains, 

(2) the CFRg mass to the final mass of the embedded cluster it forms, nigci, and 

(3) the mass of the embedded cluster rueci to the most probable mass of the most-massive star 
it contains, Tn^:^rnax- Figure 3 of Weidner et al. (2010) illustrates the observed relation between 



the mass of young or embedded clusters, and the mass of their most massive star. As such, 
it provides us with a solution to Step 3: the formation of a star of mass m^:^rnax > 8 — 10 M© 
requires rueci > 50 Mq. Step 2 simply equates with the definition of the local SFE, that is, 
iT^eci = SFE X mcFRgi as seen in Section 3.1 With the 'canonical' value, SFE 
gives a limit mcFRg,crit - 



0.3, this 
150Mq of dense star-forming gas for the formation of a 10 MQ-star. 



Step 1 is implemented through eq. 3 of Parmentier (2011), reproduced below for the sake of 



clarity. It relates the mass rriciump and radius rdump of molecular clumps to the CFRg mass 
they contairjj 

mcFBg — \ .^ ^ clump ^ dump ' \^) 



or: 



IT^clump 



m 



p/3 
CFRg 



3 — p 



(3-p)/3 



clump 



(6) 



Note that in Parmentier (20111, the CFRg mass and radius are referred as mth and rth, respectively 
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Table 1: Density index p of molecular clumps (see Eq. ^ 



P 



Method 



Source 



p = 1.9 Mass function steepening 

p = 1.7 Massive star formation limit 

< p >= 1.8 lb 0.4 Star-forming clump dust-continuum mapping 



Section 
Section 



3.1 



3.2 



Miiller et al. (2002) 



For given density index p and star- formation density threshold pth, Eq. [6] defines the mass- 
radius relation of molecular clumps containing a given CFRg mass, mcpRg- [This mass-radius 
relation is of the same nature as the iso-mth lines shown in top panel of fig. 3 in |Parmentier 
( |201ip where Vdump is plotted against mdump and mth = mcFRg]- 

We can therefore identify the MSF limit, Eq. |4l to Eq. [6] with mcFRg,crit — 150 M©. 
This gives p = 1.7 and nn^^th — 10^ cm~^. The inferred number density threshold is in re- 
markable agreement with values previously suggested in the literature (see end of Section [2]) . 
The density index p inferred from the MSF limit is also very similar to observed density 
indices of molecular clumps, and to the p-value needed to steepen the clump mass function 
index /3o into that of young star clusters /3* (see Section 3.1 and Table [l]). We therefore 
conclude that the observationally inferred MSF limit equates with the mass-radius relation of 
molecular clumps containing the mass of dense star-forming gas needed for the formation of 
a 8 - IOMq star. Figure |3] shows Eq. [H|with mcFRg = 150 Mq, p = 1.7 and pth = 700 Mq 
(= nH2,th ~ 10^ cm~^) as the (blue) dashed line. Note that the result depends weakly only 
on the assumed local SFE since mdump oc rnFcp^„ oc {nied/SFEy'^ in Eq. 6 

The formation of massive stars as star cluster members allows us to explain the ob- 
served MSF limit down to a spatial scale of ~ 0.2 pc. Below that limit, the entire clump 
gas is denser than the threshold n^j^th — 10^ cm~^ which causes the model to depart from 
the observed MSF limit. Over the range < 0.2 pc, a similar line of reasoning shows that 
the MSF limit is consistent with the mass a pre-stellar cora^ must have to form a 10 Mq 
star. This 'individual-star-formation' picture is actually expected if observations look into 
a forming-star-cluster, at the spatial scale of individual pre-stellar cores. Pre-stellar cores 
correspond to density peaks of at least nna 



,th 



10 cm because stars form fastest where 
nH2 > 10^ cm""^ (see Elmegreen 2007, his section 3.6). The comparison between the core 



mass function and the stellar IMF performed by Alves et al. (2007) for the Pipe dark cloud 
gives SFEcore — 0.3. The formation of a lOMQ-star thus requires a mass of star-forming 
gas mcore,crit = 30 Mq. The (red) dash-dotted line in the right panel of Fig. [3] depicts Eq. [6] 



with mcore,crit = 3OM0, p = 1.7 and pth = 7000 M© {= nH2,th 



10^ 



cm 



Obviously, the 



observed MSF limit is also consistent with the formation of a lOMQ-star out of its individ- 
ual density peak with nth ~ IO^cttt."^. Note that the model does not allow to disentangle 
between individual star formation in the field, or individual star formation in clusters. The 
observed MSF limit therefore embodies information about the formation of massive stars as 
star cluster members, and the formation of massive stars out of their individual pre-stellar 



*We adhere to the following nomenclature: the word 'core' refers to the gaseous precursor of an individual 
star or of a small group of stars, while the term 'clump' is designated for regions hosting cluster formation. 
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cores. In this framework, the density threshold nn^^th — 10^ cm^^ for clustered star formation 
probably represents the mean density above which the formation of local density peaks with 



UYi^^th — 10 cm is favoured in supers onically turbulent gas (see Elmegreen 2011). 



Note that the slope of the MSF Umit in the rdump — fndump space is 1.3. Neither is the 
MSF limit a relation of constant mean surface density, nor is it a relation of constant mean 
volume density (although the model hinges on a volume density threshold for star formation). 
The one property common to all clumps along the MSF limit is the mass of star-forming gas, 
either on a star-cluster-scale {mcFRg — ISOM©, nth — 10^ cm~^), or on a pre-stellar core 
scale {mcore ^ 30Mq, nH2,th ^ 10^ cm~^). 



4 Conclusions 

The analysis of the impact exerted by a tidal field upon star clusters which have expelled 
their residual star- forming gas has been carried out. It shows that the time- invariant shape 
of the young star cluster mass function is robustly reproduced if the mean volume density of 
cluster-forming regions (CFRgs) is constant. If the mass-radius relation of CFRgs were one of 
constant mean surface density, it would lead to the preferential removal of high mass-clusters, 
which contradicts observational results. These trends follow from how CFRg volume density 
and CFRg mass scale with each other. This stellar-dynamics-based finding is independently 
confirmed by studies mapping star formation activity in molecular clumps, molecular clouds 
and galaxies, which all show that star formation is driven by a volume (number) density 
threshold. 

That star formation takes place in gas denser than a given number density threshold, 
fi'R2,th, and that molecular clumps are characterized by density gradients allow us to define 
two distinct regions in molecular clumps: a central dense CFRg, and an outer envelope inert 
in terms of star formation due to tt-Hj < ?^H2,t/i- ^s a result, properties (e.g. mass, radius, 
mean volume densities) of CFRgs and molecular clumps get dissociated. 

Building on that picture, I put forward an original explanation for why the mass func- 
tion of young star clusters is steeper than that of molecular clumps and clouds. The mass- 
radius relation of molecular clouds and, possibly, of star-forming clumps, is one of constant 
mean surface density. This contrasts with the constant mean volume density inferred for 
CFRgs. This difference in slope in their respective mass-radius relations steepens the mass 
function of CFRgs compared to that of their host-clumps because clumps of higher mass have 
a lower mean volume density (hence a smaller fraction of star-forming gas) at constant mean 
surface density. 

Finally, the same model is successfully applied to understand the origin of the massive 
star formation limit (MSF) in the mass-size space of molecular structures. This is shown 
to be consistent with a threshold in star-forming gas mass beyond which the star-forming 
gas reservoir is large enough to allow the formation of massive stars. Specifically, the MSF 
limit is consistent with the formation of a lOMQ-star out of its individual density peak 
with nH2,t/i — lO^cm"^, or with the formation of a lOMQ-star as a CFRg member with 
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Slides of oral presentations related to the topics discussed in this contribution are 



available at http://www.astro.uni-bonn.de/~gparm/talks.htinl 
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